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This study describes the electrophysiologic effects of the
Mustard repair of d-transposition of the great arteries
on the sinus node and on conduction and refractoriness
in the atrium, atrioventricular (AV) node and ventricle.
Seventy-two electrophysiologic studies were performed
on 64 patients after the Mustard operation. Standard
rest and 24 hour ambulatory electrocardiograms were
evaluated. Catheter endocardial atrial mapping, avail-
able in 67 of the 72 studies, revealed that sinus rhythm
was present in the atria in 33 patients, ectopic atrial
rhythm in 26 and junctional rhythm in 8. Intraatrial
conduction delays with very late activation of the low
medial, low lateral or low right atrium at the AV junc-
tion were present in 53 of 59 patients with atrial or sinus
rhythm. Sinus node function was normal in only nine
patients.
Prolonged refractory periods were found in the right
The Mustard operation for physiologic correction of trans-
position of the great arteries was introduced in 1964 (I).
Since that time, rhythm disturbances have become a com-
mon postoperative problem (2-5). The arrhythmias noted
to occur postoperatively have included supraventricular
tachyarrhythmias, sinus node dysfunction, ectopic atrial
rhythms, slow junctional rhythms and complete heart block.
Sudden death has been found to occur in 2 to 8% of patients
operated on (6,7).
The mechanisms of the arrhythmias remain unclear. It
has been suggested that sinus node dysfunction (8,9) or
interruption of atrial pathways (10), or both (6), is respon-
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atrial portion of the new right atrium when compared
with the left atrial portion ofthe new right atrium. Forty-
one percent of the patients had prolongation of atrial
refractoriness with shortening ofthe paced cycle lengths.
Fifty-one percent developed sustained intraatrial reentry
with programmed atrial stimulation. Forty-eight percent
of these patients with inducible atrial tachycardia have
since developed clinical episodes of atrial flutter.
In summary, electrophysiologic studies revealed sig-
nificant abnormalities of sinus node function and atrial
conduction and refractoriness. Alone or in combination,
these abnormalities, which result in severe bradycardia
or rapid atrial arrhythmias, may lead to sudden death.
The Jatene or arterial switch procedure may provide an
appropriate alternative operation in this group of pa-
tients.
(J Am Coil CardioI1987;LO:1265-73)
sible for the postoperative arrhythmias. This study describes
the electrophysiologic effects of the Mustard operation on
the sinus node, as well as the electrophysiologic effects on
conduction and refractoriness in the atrium, atrioventricular
node and ventricle.
Methods
Study patients. The study group included 64 patients
with d-transposition of the great arteries, who had the Mus-
tard operation at ages ranging from 2 months to 10 years 3
months (mean ± SD, 1.4 ± 1.71 years). In these 64 pa-
tients, 72 electrophysiologic studies were performed from
I month to 15 years 3 months (mean ± SO 5.76 ± 3.54
years) postoperatively. The group included 48 boys and 16
girls. Of the 64 patients with d-transposition of the great
arteries, 43 had an intact ventricular septum, 2 had a sig-
nificant patent ductus arteriosus, 14 had a ventricular septal
defect, 4 had pulmonary stenosis and I had coarctation of
the aorta.
Eleetrophysiologic studies. Studies were performed in
the postabsorptive state. Written informed consent was ob-
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tained from all patients. Most patients were sedated with
intramuscular pentobarbital (4 mg/kg body weight) and in-
tramuscular morphine sulfate (0.15 mg/kg) ; four patient s
were sedated with oral pentobarbital (4 mg/kg) and oral
meperidine (3 mg/kg). The blood pressure was monitored
by means of a femoral artery line. Studies were performed
before angiography. Two to four electrode catheters were
inserted percutaneously through the femoral, antecubital or
axillary veins and the femoral artery and positioned In the
heart under biplane fluoroscopic guidance. Throughout this
report, all areas of the heart are referred to by their anatomic
terms . The number of recording sites varied, but usually
included the high right atrium, the atrioventricular (AV)
junction at the His bundle site, the left atrial appendage and
the right or left ventricle. Standard quadripolar electrode
catheters with a 2, S or IO mm interelectrode distance (USCI)
were used to record and stimulate from a specific site. A
tripolar or quadripolar catheter was used to obtain the His
bundle electrogram, and generally was positioned through
the aorta and right ventricle in a retrograde fashion across
the tricuspid valve .
A specially designed programmable stimulator with an
optically isolated constant current source was used to per-
form stimulation. The stimuli were rectangular pulses , I ms
in duration at twice diastolic threshold. Three surface elec-
trocardiograms , usually leads I, aVF and V J, were recorded
simultaneously, together with three or four intracardiac elec-
trograms. The intracardiac electrograms were filtered at 40
to 500 Hz. The data were stored on magnetic tape . Analog
copie s were obtained during the study using an eight channel
Mingograf ink jet recorder at paper speeds of 100 to 250
mm/s .
Thefollowing electrophysiologic study protocol was used
to evaluate these patients: I) basal recordings of sponta-
neous cycle length and AH and HV intervals; 2) atrial pacing
at incremental rates, using appropriate cycle lengths ranging
from 800 to 250 ms; 3) single premature atrial stimuli during
sinus rhythm and at least two paced cycle lengths, usually
in two atrial sites; 4) double premature atrial stimulation at
two paced cycle lengths ; 5) ventricular pacing and single
and double premature ventricular stimulation at multiple
cycle lengths; and 6) catheter endocardial mapping of atria
during spontaneous rhythm and during any spontaneous or
induced atrial or supraventricular arrhythmia. This consisted
of intracardiac recording at five to eight sites in the right
and left atria , usually including the high right atrium, mid
lateral right atrium, low medial right atrium, low lateral
right atrium , left atrial appendage, mitral valve ring , His
bundle position or AV junction near the tricuspid valve and
the posterior left atrium near the pulmonary veins.
Endocardial catheter mapping. Endocardial catheter
mapping was performed with one or more SF or 6F bipolar
or quadripolar electrode catheters as exploring electrodes,
using the mapping sites listed in the electrophysiologic pro-
tocol. One catheter was left in a stable position and used
as a reference electrode. The onset of the P wave, when
visible, or the atrial electrogram from the reference or stable
electrode catheter was used as a reference point. The acti-
vation measurement was taken at the point at which the
most rapid deflection crossed the baseline. The earliest site
of activation was considered to be the origin of the rhythm .
The activation sequence as well as the intraatrial conduction
times were determined. Sinus rhythm was defined as that
atrial rhythm with earliest activation occurring in the high
right atrium near the onset of the P wave . Ectopic atrial
rhythm was defined as that atrial rhythm with earliest ac-
tivation at the site other than the high right atrium, usually
in the left atrium or low right atrium. Junctional rhythm
was defined as that rhythm with the earliest activation orig-
inating in the His bundle or ventricle, which was followed
by or not associated with atrial activation.
The electrophysiologic protocol used evaluated sinus node
function, atrial electrophysiologic function, AV node func-
tion, His-Purkinje function, ventricular electrophysiologic
function and atrial activation times and conduction intervals
in the basal rhythm and during atrial flutter .
Statistical analysis. All statistical analyses were per-
formed on an IBM AT computer using the EPIST AT sta-
tistical software package. The two-tailed Student's unpaired
t test, chi-square analysis and Fisher's exact test were used.
A probability (p) value of <0.05 was considered statisti-
cally significant. All data are expressed as mean ± standard
deviation.
Results
Cardiac catheterization. Standard hemodynamic and
angiographic cardiac catheterization studies were performed
on all 64 patients. Four patients had moderate inferior vena
cava obstruction, and 30 patients had moderate to severe or
complete superior vena cava obstruction . Six patients had
a residual atrial or ventricular left to right shunt with a
Qp :Qs ratio > 1.5: 1. Pulmonary artery pressure was mod-
erately elevated (mean 20 to 50 !TIm Hg) in five patients
and severely elevated in one patient (mean 113 mm Hg) .
Ten patients had residual subpulmonary stenosis that was
moderate in five and mild in five.
ECG results. Electrocardiograms and 24 hour ambu-
latory ECGs were evaluated and categorized by appearance
using standard criteria . The ECGs obtained closest to the
electrophysiologic study were used for evaluation. Forty-
two patients had an ECG with the P wave preceding the
QRS complex and were considered to have an atrial rhythm .
Thirty-seven of these 42 patients had a normal P wave axis
and were considered to have sinus rhythm, whereas 5 had
an abnormal P wave axis and were considered to have an
ectopic atrial rhythm. Thirty patients had an ECG with P
waves not consistently preceding the QRS complex and were
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Figure 1. Atrial activation after Mustard repair of d-transposition
of the great arteries in a patient with sinus rhythm. Upper panel,
Diagrammatic illustration of atrial activation times with activation
in the right atrial (RA) and anatomic left atrial portions of the new
right atrium. Lower panel, Analog data from which activation
map was constructed. Electrocardiographic leads I, aVF and V I
are shown with electrograms recorded in the right ventricle (RV),
high right atrium (HRA), low medial right atrium (LMRA), left
atrial appendage (LAA), mid lateral right atrium (MLRA), low
lateral right atrium (LLRA) and mitral valve ring (MVR) with 10
ms time lines (TL) along with their respective activation times.
The dotted line indicates the earliest atrial activation at the high
right atrium, indicated by O. Activation of the low lateral right
atrium at 90 rns and low medial right atrium at 60 ms was very
late, indicating a marked intraatrial conduction delay.
considered to have a junctional rhythm. Three of these 30
patients had P waves visualized with a more rapid atrial
than ventricular rate and were considered to have complete
heart block with a junctional escape rhythm. Nine patients
had more than one type of rhythm on the electrocardiogram.
Four patients had intermittent atrial flutter in addition to
sinus or junctional rhythm. Four patients had alternating
sinus and junctional rhythm; one had alternating ectopic
atrial rhythm and junctional rhythm, and one had alternating
sinus and ectopic atrial rhythm.
Twenty-four hour ambulatory ECGs. Twenty-four hour
ambulatory ECGs were obtained in 53 of the 64 patients.
Many patients had more than one study, but the recording
closest to the electrophysiologic study was used for this
report. Twenty-two of the patients had normal-appearing P
waves and were assumed to have sinus rhythm throughout
the recording period. Thirteen patients had alternating sinus
and junctional rhythms, whereas an additional II patients
had only junctional rhythm during the recording period.
Only five patients had atrial flutter during the 24 hour period
that was associated with the electrophysiologic study. Two
additional patients had supraventricular tachycardia of an
undetermined mechanism. Four patients were noted to have
sinus exit block, whereas seven had significant sinus pauses
>3 seconds in duration.
Endocardial atrial mapping. Catheter endocardial
mapping of the atria was used to determine the type of atrial
rhythm and the pattern of intraatrial conduction. These could
be determined in all but five patients.
Sinus rhythm. Thirty-three patients had earliest activa-
tion in the high right atrium and were considered to have
sinus rhythm in the atria. Two of these patients had complete
heart block, but the origin of the atrial rhythm was sinus.
In 32 of these 33 patients with sinus rhythm, the sequence
of activation through the atrium was abnormal, with very
late activation of the low medial right atrium, low lateral
right atrium or low right atrium at the AV junction
(Fig. I).
Ectopic atrial rhythm. Twenty-six patients had an ec-
topic atrial rhythm, with earliest activation in the left atrial
appendage in 7 patients and earliest activation in the low
right atrium in 19 patients. Activation delays were also noted
in 21 of these 26 patients with an ectopic atrial rhythm
(Fig. 2).
Junctional rhythm. During the electrophysiologic study,
eight patients were found to have only junctional origin of
their rhythms by catheter endocardial mapping, whereas
three additional patients had junctional rhythm that alter-
nated with sinus rhythm or ectopic atrial rhythm, with junc-
tional rhythm being present for >50% of the study. The
junctional rhythms were of variable patterns. Seven of these
II patients had retrograde activation of the atria from the
low to the high right atrium, with the atria activated after
the ventricle. Two of these seven patients had an escape
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junctional rhythm, with retrograde atrial activation and sub-
sequent anterograde AV conduction (an escape capture
rhythm). Four patients had activation of the atria after the
ventricle in a high rig'it atrial to low right atrial sequence,
suggesting that the junctional rhythm was at least partially
due to intraatrial conduction delay in addition to sinus node
dysfunction.
Comparison of ECG and map data. In 33 studies,
patients were found to have earliest activation of the high
right atrium (sinus rhythm) on endocardial mapping. Sinus
rhythm was evident on the rest ECG in 23, whereas ectopic
atrial rhythm was recorded in 2, junctional rhythm in 7 and
alternating ectopic atrial and junctional rhythms in 1. In 26
studies, patients had ectopic atrial rhythms identified by
endocardial mapping. The rest ECG was read as indicating
sinus rhythm in 9, junctional rhythm in 14, alternating sinus
and junctional rhythms in I and ectopic atrial rhythms in
2.
Eight patients had maps confirming junctional origin of
the rhythm. The rest ECG indicated junctional rhythm in
seven of the eight patients and atrial flutter in the other
patient.
Sinus node function (Table 1). Once the presence of
sinus or atrial rhythm was established, the function of the
sinus or atrial pacemaker was evaluated using previously
described methods (11-14). Twenty-seven of the 64 patients
had no evidence of sinus node activity, with no spontaneous
atrial activity in 1 and ectopic atrial rhythm in 26. During
the electrophysiologic study, 15 of the 64 patients had
bradycardia, with average rest cycle lengths> 1,000 ms (60
beats/min). Nineof these 15patients hadcycle lengths> I,200
ms (50 beats/min). None of these 15 patients had sinus
rhythm; 7 had ectopic atrial rhythm and 8 had junctional
rhythm (including 5 with complete heart block).
Electrophysiologic tests of sinus node or ectopic atrial
pacemaker function were performed. These included cor-
rected sinus node or ectopic atrial pacemaker recovery times,
the ratio of sinus node recovery time to sinus cycle length
or ectopic atrial pacemaker recovery time to ectopic atrial
pacemakercycle length and sinoatrial conduction times (Ta-
ble I). It is realized that the recovery time in patients with
ectopic atrial rhythm was the recovery time of the ectopic
pacemaker or pacemaker recovery time rather than sinus
node recovery time. Of the 33 studies using mapping criteria
in 31 patients with sinus rhythm, 22 studies exhibited pro-
longed corrected sinus node recovery time (>275 ms) and
6 an abnormal ratio of sinus node recovery time to sinus
cycle length (> 166%). Ten studies revealed an abnormal
sinoatrial conduction time by either the Strauss (14) or the
Narula (13) method. As assessed by mapping criteria in the
26 studies in 24 patients with ectopic atrial rhythm, 20
studies revealed prolonged ectopic atrial pacemaker recov-
ery time and 14 an abnormal ratio of ectopic atrial pace-
maker recovery time to ectopic atrial pacemaker cycle length.
o
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Figure 2. Atrial activation map after Mustard repair of d-trans-
position of the great arteries in a patient with an ectopic atrial
rhythm. Upper panel, Diagrammatic illustration of atrial activa-
tion in the right atrial (RA) and anatomic left atrial portion of the
new right atrium. Lowerpanel, Analog data from which activation
map was constructed. Electrocardiographic leads I, aYF and YI
are shown with electrograms from low right atrium (LRA), His
bundle electrogram (HBE), mid lateral right atrium (MLRA), low
lateral right atrium (LLRA), theleftatrial appendage (LAA), mitral
valve area (MY), high right atrium (HRA) and low medial right
atrium (LMRA) with JO ms times lines (TL). The dotted line
indicates theearliest onset of atrial activation, which is in thelow
right atrium. There isa 55 msdelay before theadjacent low medial
right atrium is activated, illustrating the presence of intraatrial
conduction delay in ectopic as well as in sinus rhythms.
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Table 1. Sinus Node Function in 59 Studies*
Ectopic Atrial
n Sinus Rhythm (n = 33) n Rhythm (n = 26) P
NL CRT (ms) II 192 ± 54 6 215 ± 34 NS
ABN CRT (ms) 22 528 ± 238 20 1037 ± 1375 NS
P <0.001 <0.001
NL RT/CL 27 146 ± 14 12 146 ± II NS
ABN RT/CL 6 230 ± 22 14 239 ± 93 NS
P <0.001 <0.003
*Five patients had no endocardial catheter mapping data; eight patients had junctional rhythm.
ABN = abnormal; CRT = corrected sinus or ectopic atrial pacemaker recovery time; n = number of
patients; NL = normal; NS = not significant; RT/CL = ratio of sinus orectopic atrial pacemaker recovery
time to the intrinsic cycle length.
Nine of these patients had an abnormal sinoatrialconduction
time. Table I shows a significant difference in mean cor-
rected recovery times and the mean ratios of recovery time
to intrinsiccycle length between patients with normal values
or abnormal values, both in patients with sinus rhythm and
those with ectopic atrial rhythm (p < 0.001). Although
a greater percent of studies in patients with ectopic atrial
rhythm revealed abnormalities than did studies in patients
with sinus rhythm, there were no statistically significant
differences noted when the groups with sinus and ectopic
atrial rhythm were compared. None of the eight studies in
patients with predominant slow junctional rhythm revealed
normal sinus node function. Of the studies in patients with-
out endocardial catheter mapping information, none re-
vealed normal sinus node function. Utilizing all of these
variables, including electrophysiologic functional testing and
clinical observational data, only nine patients had com-
pletely normal sinus node function.
Atrialelectrophysiologic function (Table 2). The elec-
trophysiologic function of the atria was evaluated by the
responses to programmed atrial stimulation using normal
values previously reported in children (15). Atrial effective
refractory periods were determined in the high right atrium
and the anatomic left atrial appendage at two cycle lengths
in 66 studies. In the remaining six studies, only one cycle
Table 2. Atrial Refractory Periods in 72 Studies
length or one atrial site was tested. The absolute atrial ef-
fective refractory period was abnormal in three patients, all
at the high right atrial site. The atrial effective refractory
period in the left atrial appendage was longer than that in
the high right atrium by > 10 ms in only three patients. In
the remaining patients, the atrial effective refractory period
was longer in the high right atrial site. The mean atrial
refractory period at each cycle length from 600 to 350 ms
ranged from II to 52 ms higher in the right than in the left
atrium (Table 2). Similarly, the absolute atrial functional
refractoryperiod was abnormallyelevated in the right atrium
in eight patients and in the left atrium in two. The mean
functional atrial refractory period ranged from I to 24 ms
longer at the high right atrial site when compared with the
left atrial appendage site.
The normal response of the atrium to atrial pacing is
shortening of the atrial refractory period at shorter cycle
lengths. Twenty-seven patients (41%) had reversal of the
atrial effective refractory period including right atrial (n =
17)and left atrial (n = 10)values; that is, the atrial effective
refractory period increased at shorter cycle lengths (Fig. 3).
The propensity for intraatrial tachyarrhythmia to develop
in the atria was evaluated by introducing single and double
premature atrial stimuli during atrial pacing. In 68 studies,
patients were tested by both single and double premature
Pacing Cycle Length (ms)
NSR 600 500 450 400 350
Effective atrial refractory periods
RA 222 ± 51 241 ± 30 228 ± 38 201 ± 42 197 ± 36 202 ± 35
LA 210 ± 31 210 ± 31 201 ± 31 190 ± 29 177 ± 33 150 ± 8
Mean difference 12 31t 27t II 20* 52*
Functional atrial refractory periods
RA 286 ± 57 274 ± 34 260 ± 47 232 ± 38 235 ± 42 200 ± 10
LA 287 ± 51 257 ± 39 244 ± 42 208 ± 14 228 ± 42 185 ± 18
Mean difference I 17 16 24 7 15
*p 0.001; tp 0.05.
All values are expressed as ms. LA = left atrium; NSR = normal sinus rhythm; RA = right atrium.
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Figure3. Determination of atrial refractoriness at two
cycle lengths using programmed atrial stimulation.
Electrocardiographic leads I, aVF and VI are shown
with electrograms from the atrioventricular junction
(AVJj, high right atrium (HRA) and left atrium (LA),
with 10 ms time lines (TL). In panel A, the atria are
paced at a cycle length (SI-SI) of 600 ms, with a pre-
mature stimulus (S2) at 190 ms producing atrial capture
(A2). In panel 8, the atria are paced at a cycle length
(SI-Sl) of 500 ms, with a premature stimulus (S2) at
210 ms producing atrial capture (A2). In panel C, at
the same paced cycle length as inpanel A, a premature
stimulus (S2) at 180 ms fails to capture the atrium,
determining the atrial effective refractory period to be
180 ms. In panel D, at the same paced cycle length
as in panel 8, a premature stimulus (S2) at 200 ms
fails to capture the atrium. determining the atrial ef-
fective refractory period to be 200 ms, 20 ms greater
than at the longer cycle length.
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atrial stimuli. Thirty-five studies (51%) resulted in sustained
intraatrial tachyarrhythmia occurring in response to double
atrial premature stimuli (Fig. 4). The cycle lengths of the
atrial tachycardia ranged from 160 to 350 ms (mean 218 ±
50).
Sixteen ofthe 31 patients with sustained intraatrial tachy-
arrhythmia had atrial refractory period reversal and 27 had
intraatrial conduction delay. Sixteen had both of these atrial
abnormalities. Fifteen of the 31 patients with inducible in-
traatrial tachyarrhythmia have had spontaneous clinical ep-
isodes of atrial flutter either before, during or after electro-
physiologic study; 16 have not had clinical episodes. Three
additional patients in this study group have had atrial flutter
spontaneously. Two of these three patients had nonsustained
atrial flutter induced, and in one, studied while taking dig-
oxin, atrial flutter could not be induced.
1ntraatrial tachyarrhythmia could be terminated by rapid
pacing in all patients (Fig. 5). In one patient, termination
by pacing was only possible after procainamide infusion.
Association of sinus node dysfunction and atrial flut-
ter. Only 5 of the 31 patients who had inducible atrial
flutter showed no abnormalities of sinus node function by
electrophysiologic testing. Of the 33 patients without in-
ducible atrial flutter, 4 had no abnormalities of sinus node
function.
AV node and His-Purkinje function. The integrity of
the AV conduction system was evaluated by measurement
of AH and HV intervals. The AH interval was normal (:S 120
ms) in 36 of 39 patients in whom it could be obtained. The
HV interval was abnormal in five patients (>50 ms). The
paced cycle length producing AV block was abnormal (>450
ms) in only one patient.
Six patients had complete heart block with narrow QRS
complexes suggestive of AV node block, although His bun-
dle electrograms could not be recorded in these patients.
Three of these patients had an associated ventricular septal
defect and three had isolated or simple transposition.
1n the patients with complete heart block and those with
sinus node dysfunction with junctional escape rhythms, the
stability of the junctional pacemaker was assessed by pacing
the ventricles at several cycle lengths and determining cor-
rected junctional recovery time. This was abnormal (2:3
seconds) in four of seven patients studied (16). Seventeen
of the patients have had a pacemaker implanted; 6 for com-
plete heart block and II for sick sinus syndrome.
Ventricular electrophysiologic function. This was as-
sessed in the first 24 patients in this study. The ventricular
refractory periods were compared with previously reported
(15) normal values in children and were normal in all pa-
tients. None of the patients developed ventricular arrhyth-
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mias in response to programmed ventricular stimulation.
Because no abnormalities of ventricular function were found
in these patients, routine ventricular testing was not per-
formed in the remaining patients in this study unless ECG
studies indicated the presence of a ventricular arrhythmia.
by El-Said et al. (2). These have included prolonged cor-
rected sinus node or pacemaker recovery times in up to 53%
(6,8,9,21). This study reports a comprehensive evaluation
of sinus node function, including several variables of sinus
node function utilizing sinus node recovery time and si-
noatrial conduction time, as well as clinical and ECG evi-
dence of sinus node dysfunction, At the time of this eval-
uation, only 9 of 64 patients had normal sinus node function.
Because sinus node disease has been shown to be a pro-
gressive abnormality (2,17,22-24), it is reasonable to ex-
pect that some or all of these patients with normal sinus
node function may go on to develop sinus node dysfunction
in the future.
Many modifications of the Mustard procedure have been
made to protect the sinus node (5,J 8,25). Although recent
studies (22-24) have suggested a decrease in the early in-
cidence of related arrhythmias, late follow-up evaluation
shows significant sinus node dysfunction. Other modifica-
tions have been suggested to prevent interruption of intra-
atrial pathways (26,27). The patients in this study were
operated on by five different surgeons utilizing differences
in technique, that resulted in no significant difference in the
incidence of sinus node dysfunction,
Interruption of intraatrial conduction: a mechanism
of atrial arrhythmias. One of the more discussed issues
regarding the cause of arrhythmias after Mustard repair has
been the question of interruption of intraatrial conduction
by the procedure. Isaacson et al. (10) suggested that damage
to the intraatrial conduction tracts between the sinus and
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Figure 4. Initiation ofsustained atrial flutter. Electrocardiographic
leads YI, I and aYF are shown with electrograms recorded from
the leftatrium (LA) and high right atrium (HRA) with 10 ms time
lines (TL). During atrial pacing at 500 ms, two premature atrial
stimuli were introduced at 230 and 150 rns, initiating sustained
atrial reentry at 220 ms. Thestimulus arti.acts are indicated by S,
and the atrial electrograms by A.
Discussion
TL
AVF
Figure 5. Termination of atrial flutter. Electrocardiographic leads
YI, I and aYF are shown with electrograms recorded from the
distal electrodes of the left atrial catheter (LAd), the proximal
electrodes of the leftatrial catheter (LAp) and the high right atrium
(HRA) with 10 ms time lines (TL). The stimulus artifacts are
indicated by S I, the atrial electrograms by A and the ventricular
electrograms by Y. Pacing the atrium at an interval of 160 ms
during atrial flutter with abrupt cessation results in termination of
the atrial flutter and resumption of sinus rhythm.
Postoperative arrhythmias. The incidence of postop-
erative arrhythmias after the Mustard repair has varied, but
has been 250% depending on the method used to identify
the rhythm disturbances (1-5,17), The predominant post-
operative arrhythmias have included marked sinus brady-
cardia, ectopic atrial rhythm, slow junctional rhythm and
supraventricular tachycardia, especially atrial flutter. Atrio-
ventricular conduction disturbances have been noted as well.
The incidence of sudden death has been reported (6,7) to
be 2 to 8%.
The origin ofthe various arrhythmias has been suggested
to be a result of: I) intraoperative damage to the sinus node
or sinus node artery (2,8,18); 2) interruption of intraatrial
conduction by interruption of internodal pathways (10,19),
or 3) intraoperative damage to AV node conduction tissue
(18).
Many studies (19,20) have substantiated the presence of
sinus node damage either at the time of cannulation of the
superior vena cava, by the atriotomy or during placement
of the suture line for the baffle around the superior vena
cava, A number of electrophysiologic studies have revealed
abnormalities of sinus node function, which was first shown
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AV nodes was responsible for the postoperative arrhyth-
mias. Wittiget al. (19), performing intraoperative epicardial
and endocardial mapping at various stages of the Mustard
procedure, concluded that delay or block in the anterior and
posterior input to the AV node would be sufficient to com-
promise its activation and produce nodal rhythm.
Saalouke et al. (6) found evidence of abnormal atrial
refractoryperiodsand concluded that interrupted atrial path-
ways, in additionto a damagedsinus node, wereresponsible
for postoperative arrhythmias. Gillette et al. (8) in their
initial studies found no evidence of intraatrial conduction
delay, but in later studies (21) describeda delay in activation
of the low lateral right atrium. In 1980 (28), we described
late activationof the AVjunction or low medial right atrium
in a study of 15patients. By evaluatinga total of 64 patients
with 72 studies, we have identified marked delays in intra-
atrial conductionthroughout the atria, most markedbetween
the high right atrium and low medial or low lateral right
atrium or low right atrium at the AV junction. but also quite
evident between adjacent sites such as the low right atrium
and low medial or low lateral right atrium or the low medial
and low lateral right atrium. These localareas of conduction
delay may be most significant in providing the substrate for
the development of atrial flutter or intraatrial reentry.
Mappingdata in manyof these patients indicatethat sinus
rhythm or activation of the atria from the high right atrium
is more common than is generally appreciated. In many
patients, junctional rhythm is a result of the combination of
a slow sinus rate and delay in intraatrial conduction, which
result in an escape junctional or ectopic atrial rhythm.
Atrial electrophysiology. The electrophysiologic char-
acteristics of the atria evaluated included atrial refractori-
ness, intraatrial conduction and the propensity to develop
atrial arrhythmias. Normal atrial refractory periods in chil-
dren have been reported (15) and reveal wide ranges. Thus,
although manyof the patients after Mustard repair had longer
than average atrial refractory periods. with higher atrial
refractory periods noted in the operated right atrium, in few
did these periods exceed the absolute upper limit. We did
observe an interestingphenomenon not previously reported
in this group of patients. Forty-two percent (27 of 64 pa-
tients) had an abnormalrefractoryperiodresponseto pacing.
This abnormal response could provide adjacent areas, al-
ready known to have differences in refractoryperiods in the
rest state, with a greater difference in refractoriness at faster
heart rates or after premature atrial beats. This, in combi-
nation with delays in intraatrialconduction, wouldcertainly
predispose the patient to the development of atrial flutter.
In fact, with the appropriate stimulus, 51% of our patients
developed sustained atrial flutter. AlthoughCasta et al. (29)
reported that developmentof nonsustained atrial flutter after
programmed stimulation is a normal occurrence, sustained
atrial flutter cannot be considered a normal phenomenon.
Over half of our patients with inducible atrial flutter have
had atrial flutter clinically, one-third of these having de-
veloped the atrial flutter subsequent to its induction in the
electrophysiology laboratory. Whether the other patients with
inducible atrial flutter will develop clinical atrial flutter will
require longer follow-up evaluation. We believe that this
group of patients with inducible atrial flutter is at very high
risk for developing spontaneous clinical atrial flutter.
Conclusions. Even with the best surgical modifications,
noneof these patientsafter Mustard repair of d-transposition
of thegreat arteriesescapeelectrophysiologicabnormalities.
The most important of these abnormalities include sinus
node dysfunction and abnormalities of atrial refractoriness
and conduction that lead to atrial arrhythmias. Most of these
abnormalities are significant and may predisposethe patient
to sudden death. It should not be an issue as to which
problem is most significant. The presence of either sinus
node dysfunction or rapid atrial arrhythmias, alone or in
combination, as is frequently seen, could result in sudden
death in these patients.
Some (30,31) have suggested that the use of the Senning
procedure will result in a lower incidence of arrhythmias,
but this has not been our experience or that reported by
others (32).
The Jatene or arterial switch procedure (33) has been
increasingly successful in recent years. Preliminary data
(34) suggest that few electrophysiologic abnormalitiesoccur
after the arterial switch repair of d-transposition of the great
arteries. It is possible that the arterial switch operation will
provide an alternative to the Mustard intraatrialbaffle repair,
whichcould avoid the electrophysiologic abnormalities and
arrhythmias described in this report.
We gratefully acknowledge the secretarial assistance of Ruth Ann Kronick
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